Objectives-Lower birth weight within the normal range predicts adult chronic diseases, but the same birth weight in different ethnic groups may reflect different patterns of tissue development. Neonatal body composition was investigated among non-Hispanic Caucasians and African Americans, taking advantage of variability in gestational duration to understand growth during late gestation.
INTRODUCTION
Lower birth weight within the normal range has been shown to predict later chronic diseases, including cardiovascular disease, type 2 diabetes, and the metabolic syndrome (Barker, 1995) , diseases for which African Americans have a high risk compared with Caucasians (Beckles et al., 2011; Keenan and Shaw, 2011) . These associations have been ascribed to variability in fetal growth patterns. Birth weight is a crude marker of fetal growth, however, and the same weight can reflect many different paths of growth. Further studies are required to uncover the nature of anatomical and physiological underpinnings of developmental bases for adult disease to clarify causality and promote interventional strategies.
Understanding the mechanisms underlying the associations between size at birth and subsequent health has been limited by the relative absence of data relating neonatal body size to mediators of metabolic effects and disease risk. One of these mediators is body composition and its fetal antecedents. Among south Asian neonates, for example, there is a "thin-fat" phenotype. Compared with neonates in the United Kingdom, babies born in Pune, India are long and thin, with a deficit of nonfat soft tissues but preservation of fat (Muthayya et al., 2006; Yajnik et al., 2003) .
There are few investigations of African American neonatal body composition, and these offer conflicting observations. Using body composition information from dual-energy X-ray absorptiometry (DXA), no significant mean differences from Caucasian neonates were found (Koo et al., 2000) . Based on anthropometry, lower birth weight among African American neonates was associated with lower average lean mass, but no difference in subcutaneous fat mass (Singh et al., 2010) .
A significant challenge to the clarification of fetal growth as a source for lifelong health is the technical limitation faced by the longitudinal study of the in utero fetus. There are no reports considering ethnic differences in the timing of fetal tissue differentiation. This is an important evidentiary gap because variations in body composition at birth are associated with differences in later health outcomes. For example, coronary heart disease among men is more strongly associated with thinness at birth than with low birth weight (Weiss, 2007) . Ethnic diversity in the pathological sequelae of the metabolic syndrome has been reported (Demerath et al., 2007; Lancaster et al., 2006) , including variability in vascular consequences of the same risk factors (Bang et al., 2009) . As a case in point, percent body fat is an independent predictor of arterial stiffness among Caucasians, but not among south Asians (Eapen et al., 2011) . To address this information gap, we use air displacement plethysmography (ADP; Peapod ™ ) to investigate potential differences in neonatal body composition between non-Hispanic Caucasians and African Americans at the time of delivery, taking advantage of variability in length of gestation to understand the accumulation of fat and lean mass in late gestation. only 5% of the population of Detroit and were not included. This study was approved by the Institutional Review boards of William Beaumont Hospital, Wayne State University, and Eunice Kennedy Shriver National Institute of Child Health and Human Development.
Gestational age at birth was assessed from the first day of the last menstrual period, confirmed by ultrasound biometry of either crown-rump length measurements (first trimester) or biparietal diameter, head circumference, abdominal circumference, and femoral diaphysis length (second trimester). If there was a discrepancy of more than 1 week, sonographic age was used to date the pregnancy. Gestational ages are expressed in completed weeks estimated to the day.
Neonatal fat and lean body mass were assessed using ADP (PEA POD®, Life Measurement, Concord, CA). This approach measures body density and calculates a two-compartment model of body composition. Previous research has validated the reliability and accuracy of the system (Ellis et al., 2007; Ma et al., 2004) . In this study, 256 infants were measured within the first 24 h (84% of the sample), the remaining 16% within 28 h, and one infant on day 3 of life. There was no significant difference in the distribution of measurement day by ethnicity and no significant association of time to measurement with gestational age at birth. The neonates were evaluated without clothing, and care was taken to compensate for the volume and mass of the plastic umbilical cord clip and name bracelet. Artifacts in volume measurement of neonates with excessive amounts of hair were minimized with the use of baby oil. After body weight was obtained, the neonate was placed into the temperaturecontrolled, enclosed chamber for the ADP. A body volume measurement was attained within ~ 2 min. Body density was calculated from these data and applied to the twocompartment model estimate of percent fat and lean mass (Ellis et al., 2007) . Total fat and lean mass (g) were calculated by multiplying these percentages by the concurrent total neonatal body mass.
Statistical Analysis
The normality of study variables was assessed with Shapiro-Wilk. The samples were compared for neonatal sex proportion and for maternal weight, age, pregnancy complications, and self-reported smoking. Group comparisons used χ 2 for categorical variables, t-test for Gaussian variables, and K-sample median test for non-Gaussian variables. Kolmogorov-Smirnov compared the distributions of weight among neonatal samples by sex and ethnicity. Kruskal-Wallis compared non-Gaussian variables for homogeneity of population, and Levene's test assessed the equality of variances.
Linear and parametric models to the third degree were compared for goodness-of-fit to describe the relationship between body mass parameters and weeks of gestational age at birth as a continuous variable (Royston and Altman, 1994) . Ordinary least squares regression models for lean and fat body mass were stratified by ethnicity and sex. The homogeneity of relationships by ethnicity and sex was specifically addressed by an interaction term between ethnicity and gestational age in the first step and sex by gestational age within ethnic in the second step. The slopes were compared with the F-test. The primary regression model considered only neonates delivered of pregnancies free from pathologic conditions that affect body size and composition (i.e., gestational diabetes and preeclampsia) (Catalano et al., 2003; Rasmussen and Irgens, 2003) . The check for robustness of the model, a second regression included all neonates with categorical variables for the pregnancyassociated complications.
Regression analyses considered maternal age, prepregnancy weight, pregnancy weight gain, and self-reported smoking as covariates. Maternal age, prepregnancy weight, and pregnancy weight gain positively predicted neonatal lean and fat mass and were retained in the analyses. The interactions between gestational age at birth and maternal age, prepregnancy weight, and weight gain were investigated; they were not significant and were not retained. All statistical analyses used STATA version 11 (StataCorp., 2009 ).
RESULTS

Maternal characteristics
Among women without pregnancy complications, Caucasians weighed less than African Americans before pregnancy and gained more weight during pregnancy (Table 1) . Caucasian women were significantly older than African American women. Two African American women experienced chronic hypertension, and pregnancy complications included gestational diabetes (10 Caucasians and 12 African Americans) and preeclampsia (four Caucasians and 10 African Americans). No information on population of origin, family socioeconomic situation, maternal education, or parity was available for the study sample.
Birth weight and gestational age at birth
Neonates from pregnancies complicated by gestational diabetes weighed more on average at birth than neonates from uncomplicated pregnancies (P = 0.002). Neonates from pregnancies complicated by preeclampsia weighed less than neonates from uncomplicated pregnancies (P < 0.001). Caucasian neonates had a higher mean birth weight compared with African American neonates (P < 0.001, Table 2 ). There were no significant sex differences in birth weight in either ethnic group. There were no ethnic differences in the length of gestation or the proportion of preterm births.
Neonatal fat and lean mass
Neonates of pregnancies complicated by gestational diabetes had both greater fat mass (P < 0.001 and lean mass (P = 0.01) than those from uncomplicated pregnancies, and neonates of pregnancies complicated by preeclampsia had less lean mass (P = 0.006) (neonatal sex and gestational age at birth as covariates).
Among neonates delivered of pregnancies free from pathologic conditions, males had greater average lean mass than females among both Caucasian (3,003 vs. 2,842 g, P = 0.004) and African American (2,772 vs. 2,613 g, P = 0.08) neonates (Table 2) . No significant sex differences were found for neonatal total mass or fat mass. Caucasian neonates had greater average lean mass (P < 0.001), but there were no significant differences in mean fat mass.
Ethnic differences in neonatal body composition by gestational age at birth
Neonates from pregnancies complicated by gestational diabetes weighed more on average at birth than neonates from uncomplicated pregnancies (P = 0.002). Neonates from pregnancies complicated by preeclampsia weighted less than neonates from uncomplicated pregnancies (P < 0.001). Caucasian neonates had a higher mean birth weight compared with African American neonates (P < 0.001, Table 2 ). There were no significant sex differences in birth weight in either ethnic group. There were no ethnic differences in the length of gestation or the proportion of preterm births.
Neonatal fat and lean mass
Neonates of pregnancies complicated by gestational diabetes had both greater fat mass (P < 0.001) and lean mass (P = 0.01) than those from uncomplicated pregnancies, and neonates of pregnancies complicated by preeclampsia had less lean mass (P = 0.006) (neonatal sex and gestational age at birth as covariates).
Among neonates delivered of pregnancies free from pathologic conditions, males had a greater average lean mass than females among both Caucasian (3,003 vs. 2,842 g, P = 0.004) and African American (2,772 vs. 2,613 g, P = 0.08) neonates (Table 2) . No significant sex differences were found for neonatal total mass or fat mass. Caucasian neonates had greater average lean mass (P < 0.001), but there were no significant differences in mean fat mass.
Ethnic differences in neonatal body composition by gestational age at birth
The higher lean mass of Caucasian neonates was established by 36 weeks of gestation ( Fig.  1) . Among neonates delivered at 36 gestational weeks, the average lean mass of Caucasian neonates was 2,515 g (SD 45.3 g) compared with that of 2,319 g of African American neonates (SD 70.3 g, difference P = 0.02). After that time, the changes in lean mass with increasing gestational age at birth were similar in the two ethnic groups.
By contrast, there was no significant difference in fat mass at 36 weeks, with an average of 230.6 g (SD 33.5 g) among African Americans (difference P = 0.24). Thereafter, the changes in size for gestational age at birth diverged so that fat mass among Caucasian neonates changed more with increasing gestational age at birth than among African American neonates. The slope of the linear regression of fat mass vs. gestational weeks of age at birth was 5.8 times greater (P = 0.009) for Caucasian neonates (41.0 g/week) than for African American neonates (7.0 g/week). This represents an accrual to Caucasian neonates of 34 g/week or about 10% of the median fat mass at birth (313 g).
By 41 gestational weeks of age at birth, the Caucasian were 319 g (SD 80.6 g) heavier in lean body mass (P < 0.001) but were also 123 g (SD 38.4 g) heavier in fat mass (P = 0.001). Thus, increasing gestational age at birth was associated with decreasing fat to lean ratio among African American neonates compared with Caucasian neonates. The patterns were similar in the two sexes.
Testing the robustness of the regression analyses by including the neonates of maternal gestational diabetes and preeclampsia, with categorical covariates for these pathologies of pregnancy, did not change the pattern of the results. Adding time between birth and ADP as a covariate also did not change the results.
DISCUSSION
Compared with Caucasian neonates, African American neonates had a lower mean birth weight with lower average lean mass, but no difference in average fat mass. This relationship was previously shown using anthropometry (Singh et al., 2010) and suggests that at any birth weight and age Caucasian neonates will have greater lean mass but similar amounts of fat, compared with African American neonates. What we have now further shown is that the similarity in mean fat mass among Caucasian and African Americans conceals ethnically different relationships of body composition at age at delivery, suggesting divergent paths of accumulation in late gestation.
When we compared neonates born after increasing duration of gestation, lean mass at birth between 36 and 41 gestational weeks of age changed similarly in the two ethnic groups, although the African Americans had less lean mass at each age. In contrast, there was a progressive divergence in the amount of fat mass from 36 weeks onward, so that increasing gestational age at birth brought a progressively larger distinction in fat mass between the two groups.
The lower lean mass of African American neonates born at 36 weeks of gestation indicates that they had grown more slowly than Caucasian neonates at some previous time during gestation. For neonates born after 36 weeks of gestation, however, the differences in lean mass with increasing gestational age found among the African American neonates were similar to Caucasians. This implies that lean mass accrual was accelerated among African Americans, relative to Caucasians, at some point in gestation. In contrast, the African Americans had accumulated fat at the same rate as Caucasians up to 36 weeks, but thereafter their fat accumulation declined relative to Caucasians of similar gestational age at birth.
Implications of neonatal body composition variability
The underlying mechanisms responsible for these observations are not known. The description of ethnic variability in body composition by age at birth, provided by the crosssectional outcome data, provides a viewpoint on early development that is not available from serial ultrasounds of the whole fetal body. The data are hypothesis generating and raise questions of both theoretical and practical importance regarding differential risks for health sequelae.
Developmental timing-Recent models of the development of fetal body composition tend toward a late-gestation fat-deposition paradigm (Wells et al., 2007) based on relatively small sample sizes with little ethnic differences to date (Cooke and Griffin, 2009; Rigo et al., 1998) . The data from this study suggest that the late-gestation fat-deposition paradigm may be biased toward a description of Caucasian developmental patterns. Likewise, reporting on DXA results taken within 48 h of birth from 70 newborns appropriate-forgestational-age (32-41 gestational weeks of age), Lapillonne et al. (1997) reflected that ideas about the importance of the third trimester for fat and calcium include studies that may not reflect universal developmental patterns. Similar conclusions have been reported among full-term appropriate-for-gestational-age infants assessed by anthropometry (Luque et al., 2009) . Taken together with observations that variability in birth weight among African Americans is associated with maternal weight gain in the first half of pregnancy, whereas that among Caucasians is associated with maternal weight gain in the second half of pregnancy (Misra et al., 2010) , further consideration of ethnic variability in developmental timing is warranted.
Nature of lean and fat mass tissue-In this study, the ADP results do not permit a complete understanding of the nature of lean mass and provide no precision regarding he specific anatomical distribution of fat mass. What is clear is that similar body compartment masses are not achieved at equivalent gestational age at birth. It is possible that the differential timing of body composition development inferred here reflects distinctive differences in the nature of the tissues themselves (Costello et al., 2008) , only expressed at later ages. For example, an unfavorable metabolic profile among African American children of lower adiponectin levels and decreased insulin sensitivity (Osei et al., 2005) , independent of total adiposity (Lee et al., 2006) compared with their Caucasian peers, has been suggested to reflect the expression of population-specific polymorphic variations associated with body composition, lipids, and insulin sensitivity (Ukkola et al., 2005) . A multiethnic cohort of prepubertal children identified variability in metabolic health consequences of body fat deposition, such that African Americans had less intra-abdominal fat but an increased risk for type 2 diabetes unrelated to BMI (Casazza et al., 2009 ). The possibility that these patterns may be related to distinctive early growth in body composition deposition remains unexplored.
Developmental diversity: hypotheses
The cross-sectional nature of the present data prevents direct assessment of growth. Nonetheless, a hypothesis of different developmental patterns among African American and Caucasian fetuses emerges. As size for age is a summary of previous growth, the African American neonates in this sample kept pace with their Caucasian peers in terms of growth of fat body mass before 36 gestational weeks at birth. This is in contrast to less rapid growth of African American infants in earlier gestation in terms of lean body mass (they are lighter at every gestational age at birth). These relationships altered during late gestation, as increasing age at birth was associated with similar lean mass accrual with advancing age but less fat mass among African Americans compared with Caucasian neonates. It appears that African American and Caucasian neonates may have experienced different fetal developmental relationships among body mass compartments. In view of data supporting genetic bases for population differences in body composition (Shaffer et al., 2007) , potential sources of these differences are worth considering.
Divergent growth strategies
Regarding a biological basis for divergent somatic trajectories, we posit two hypothetical selection scenarios: energetics and disease ecology. Although the precise energetics of building fetal tissue remain to be described, the caloric costs estimated from biochemical ATP requirements are about 4.8 times greater for protein compared with fat synthesis (Hall, 2010) . Thus, a body that has proportionately less lean mass, compared with fat tissue, is less costly to construct. Furthermore, oxidative metabolism and body composition are linked, and lean mass is the principal factor contributing to metabolic requirements (Gallagher et al., 1998) . Lean tissue-specific energy costs assessed among adults range from the limited costs associated with bone and skeletal muscle (13 kcal/kg/day) to the mid-range costs of liver and brain (200-240 kcal/kg/day) and the high metabolic expenses of heart and kidney tissues (440 kcal/kg/day) (Elia, 1992) . Comparable fetal estimates remain to be described. Previous reports have suggested an increase of 1.37 in VO 2 /kg/day/g of high metabolic rate organ weight during the final 3 months of gestation (Holliday, 1997) . Theoretically, a diminution in lean tissue mass, particularly high metabolic rate organs, would be an energetically thrifty fetal life strategy in terms of both tissue construction and maintenance. It is notable that a smaller mass of high metabolic rate truncal organs characterizes both the adolescent and adult habitus of African Americans, accompanied by a lower resting energy expenditure, compared with Caucasians (Gallagher et al., 2006; Sun et al., 2001) .
The exact nature of the lean mass tissue that distinguishes African American and Caucasian neonates in our sample is not known. Previous studies have reported no significant differences in biparietal diameter, but longer limbs relative to trunk among the African American fetus compared with Caucasians, despite an overall reduced body weight (Garn, 1972) . Thus, despite less lean mass, this may not be a diminution of the musculoskeletal system among the African Americans. Indeed, the African American neonates kept pace in changes in lean mass with age found among the Caucasians during eh late third trimester. One possibility is that African Americans did not augment fat stores to sustain accelerated growth in lean mass during late gestation, which may be the time to clad the skeleton with muscle, albeit in a trade-off with the further acquisition of fat-based tissues. Such a trade-off implies that fetal growth was a greater energetic challenge among the African American neonates compared with their Caucasian peers in the late third trimester. Perhaps, the welldescribed African American habitus of greater bone and skeletal mass, and smaller organs with high metabolic rate compared with Caucasians (Gallagher et al., 2006; Wang et al., 2000) , has its origins during tissue growth in utero. Such an energetically conservative growth strategy may be one source of ethnic differences in subsequent health risk.
Fetal growth as the foundation for health
Increasing knowledge of variability in early body composition is important to further mechanistic understanding of the observation that low birth weight may not predict identical health risks in all settings (Huxley et al., 2004) . Distinctions in body composition development, such as lower lean body mass, may contribute to ethnic disparities in health, including, for example, a shortfall in organ growth during early gestation among African Americans compared with Caucasians. In the United States, people whose birth weights are toward the lower end of the normal range are at increased risk of end-stage renal failure if they develop hypertension or type 2 diabetes (Lackland et al., 2000) . The highest US rates of end-stage renal disease (ESRD) are in the south (Burrows et al., 2010) and are concentrated in the African American population (Centers for Disease Control and Prevention, 2010; Klag et al., 1997) . Rates of ESRD are higher among African Americans than Caucasians at all levels of baseline-estimated glomerular filtration rate, and ESRD occurs at an earlier age (Hughson et al., 2007; Young and Kew, 2005) This may reflect a greater vulnerability of the African American kidney to the effects of hypertension and diabetes. Fetal ultrasound has identifies that renal growth between 23 and 32 weeks of gestation scales to birth weight and ponderal index (Lampl et al., 2002) . In fetal life, kidney size is correlated with nephron number (Barker et al., 2006) . The number of nephorns is established for life by around 34 weeks (Konje et al., 1996) . There is a wide variation in the number among individuals (Puelles et al., 2011) . In animal experiments, maternal undernutrition often reduces kidney size (Barker et al., 2006) and nephrogenesis (Magee et al., 2011) . The kidney is an energetically high-cost (Elia, 1992) , low-priority organ during intrauterine life because the mother performs its functions. In our study, the lower lean neonatal mass among African American neonates by 36 weeks of gestation is consistent with, among other reductions in visceral size, a reduced kidney mass.
Theoretical advantages posited for increased neonatal adipose tissue have included survival benefits in face of the prenatal to postnatal transition in terms of both nutrition and infection (Kuzawa, 1998; Wells, 2009) . Considering the rapid turnover of body fat mass in the first 5 postnatal days (Roggero et al., 2010) , survival may depend on prenatally acquired resources. Research identifying that greater energy deficits are required per unit of weight loss among individuals with higher body fat (Hall, 2008) suggests that the earlier timing of fat mass accrual would be a strategic advantage in the context of earlier gestational ages at birth characteristic of African American neonates (Behrman and Butler, 2007) .
Population history and the early fat, late lean phenotype
The lower birth weight of African Americans compared with Caucasians in the United States is well documented (Behrman and Butler, 2007) . Our findings show that lower birth weight is established before 36 weeks of age. Preterm birth rates are ~30% higher among African Americans than Caucasians in the United States (Spong et al., 2011) . The cause is multifactorial, with interactions between race-specific expression of fetal and maternal genes (Menon et al., 2009) and environmental influences (York et al., 2010 ) that remain to be clarified. This study does not address sources for these disparities in birth timing and growth rates that result in smaller size at birth. Numerous studies have investigated a wide range of potential environmental, behavioral, and genetic factors, which remain controversial in their overall explanatory power (Muglia and Katz, 2010) . Longer term historical circumstances that may influence infant outcomes (Jasienska, 2009 ) await mechanistic documentation among humans, and preconceptional stress effects, directly or in interaction with genetic susceptibility or infection, require further research (Kramer et al., 2011) .
This study adds body composition differences by gestational age to investigative inquiries. In addition to contemporaneous influences, ethnic diversification in fetal growth patterns can be posited to result from natural selection on genes that govern growth timing and resulting fetal size to promote survival in the face of different environmental challenges. A specific example of an ecological niche in which the early fat/late lean pattern of body composition development described here might be beneficial is endemic Falciparum malaria, which occurs in Africa. There, a thrifty body replete with resources to survive malarial-associated challenges, including both an early birth and a postnatal environment of low subsequent weight gain (Walther et al., 2010) , would be favored for survival. Moreover, fetal fitness in the face of placental malaria has been documented to be associated with fetal genetic variants of vascular endothelial growth factor receptor 1 (Muehlenbachs et al., 2008) , an angiogenesis inhibitor factor, also known to slow fetal growth rate associated with altered uterine blood flow (Chaiworapongsa et al., 2008) . A fetal growth pattern favoring slower growth rates of metabolically active tissues would be selectively advantageous in these ecological circumstances. Thus, one hypothesis regarding the meaning of the present observations is that altered timing of tissue differentiation may be an evolutionary consequence of maternal/fetal collaboration in the face of endemic disease.
Study strengths and limitations
These data are from the first study to assess non-Caucasian neonatal body composition with ADP and are the largest sample of Caucasian neonates yet reported (Carberry et al., 2010; Eriksson et al., 2010; Fields et al., 2011; Lee et al., in press) . The average values of the Caucasian neonates are similar to the previous reports. Our study has several advantages in comparison to previously published work comparing Caucasian and African American neonates. We were able to identify distinctive trajectories in tissue growth for the first time because we specifically investigated age-based size and body composition relationships. Divergent paths of growth timing are not identifiable from a comparison of averages. Our measure of gestational age, fetal size, and other variables were reliable, and any potential differential reporting by ethnic group of these variables cannot explain the results observed. Differences in maternal weight by ethnicity were controlled in the regression models. The mean size of the babies in our study is similar to national reference values for both Caucasian and African American neonates (Alexander et al., 2003) . As a limitation, it should be noted that although the PeaPod ™ has been validated against four compartment models and deuterium dilution, these previous studies examined infants between 3 days and 24 weeks of age (Ellis et al., 2007; Ma et al., 2004) , not 0-3 days as in the study. The validity of ADP in this critical transition period remains to be clarified.
Our study took advantage of variability in length of gestation to understand growth in body composition during late gestation. Assessment methods to carry out a longitudinal study of whole-body composition in the fetus are not available, so our approach to gaining a window on the trajectories of fat and lean tissue is innovative. Nevertheless, we were able to definitively distinguish whether gestational age is driving body composition differentially (as we have interpreted it) or whether differential body composition is driving the gestational age at birth (i.e., triggering the timing of birth). An example of the latter scenario in theory would be if African American fetuses with relatively more fat at a given age tend to be born earlier than African American fetuses with less fat at that age.
CONCLUSION
Our findings show that the lower birth weight of African Americans is established before 36 weeks of gestation. At this time, the African American fetus has developed similar fat mass but less lean body mass than the Caucasian fetus. Thereafter, the African American fetus sustained differences in lean mass at increasing gestational age similar to the Caucasian fetus, but incurred little change in fat mass with increasing gestational age at birth compared with the Caucasian fetus. We hypothesize that these observations reflect ethnically diverse patterns of tissue growth related to developmental strategies involving energy and posit body composition differences according to neonatal body size as a mediator of risk profiles for health and disease in later life. 
